Lectins are well known to interact with carbohydrate moiety and work as a factor to decide recognition in various biological processes. However, lectin carbohydrate interactions are often weak. Carbohydrate epitopes are present in multivalent arrays at the cell membrane where they can serve as highly effective and specific ligands. 1, 2) Accordingly, it is considered that plural and simultaneous lectin carbohydrate interactions lead to distinguish functionally available avidity and specificity.
Accordingly, it is considered that plural and simultaneous lectin carbohydrate interactions lead to distinguish functionally available avidity and specificity. 3, 4) Many researchers have reported that multivalent sugar units linked to glycopolymers 5, 6) and glycodendrimers 7) function by clustering lectin. The cross linking activities of a variety of plant and animal lectins with multivalent carbohydrates and glycoproteins have been reviewed by Brewer. 8, 9) Studies show that a number of lectins form cross linked complexes with branched chain oligosaccharides, 10 12) glycopeptide 13 15) and glycoproteins. 16 19) Linear cross linked complexes, which are often soluble, are formed between divalent lectin and divalent carbohydrates or glycoconjugates. Galectin 1 from bovine heart muscle and a divalent N linked biantennary complex glycopeptide has led to the formation of this type of complex. 20) Whereas, when one of the two molecules (lectin and carbohydrates or glycoconjugates) possesses a valency greater than two, 2 and 3 dimensional cross linking occurs as seen in the report of soybean agglutinin (SBA) cross linking complex. 21) This type of complex shows often insoluble. These phenomena give us important indication of biological activities of lectins based on cross linking. 8) By the way, it is difficult to produce enough amount of well defined structural carbohydrate on glycoprotein or glycolipid because of the variety and complexity of carbohydrate. Lehman et al . have reported the chemical synthesis of the divalent GlcNAc glycoside with a ten carbon spacer as a mimetic of divalent N linked biantennary complex glycoprotein. 22) This glycoside has been good substrate for galactosyltransferase. 23) Burke et al . have reported that a synthetic trivalent mannose ligand linked to a macrocyclic core functions by clustering concanavalin A (Con A) in solution. 24) Oscarson et al . have reported the chemical synthesis of divalent Galβ1 4GlcNAc (LacNAc) glycoside with a various carbon spacer to study cross linking with lectins. 25) Dam et al . have showed that the synthetic divalent mannose glycosides possessing spacer bind and cross link Con A and Dioclea grandiflora lectin. 26) However, the method for obtaining these glycosides is entirely chemical synthesis and involves elaborate procedures for protection, glycosylation and deprotection. From such an aspect, we attempt to develop a convenient enzymatic synthesis of divalent glycoside as glycomimetics.
27) The use of glycosidases, for divalent spacer linked glycoside synthesis is attractive because it may allow direct transfer of a GlcNAc residue to a primary diol acceptor. There is no report concerning that divalent GlcNAc glycoside interacts with chitin oligosaccharide recognizing lectin. This review describes a convenient enzymatic synthesis of divalent GlcNAc glycosides carrying 28) Increasing the activities of both N acetylhexosaminidase (NAHase) and chitinase was observed in the course of culture. When NAHase activity reached a maximum, the culture was centrifuged, and then the supernatant was desalted and freeze dried. The dried powder was directly used for transglycosylation without purification. The enzyme catalyzed the synthesis of target spacer linked glycoside 4 together with monovalent 6 hydroxyhexyl β D N acetylglucosaminide and 6 hydroxyhexyl β D N,N diacetylchitobioside through N acetylglucosaminyl transfer from (GlcNAc)4 to 1,6 hexanediol ( Fig. 1) . The transfer reaction led to the preferential formation of 6 hydroxyhexyl β D N acetylglucosaminide over target spacer linked divalent glycoside 4 (Fig. 2) . The target glycoside was separated by successive chromatographies of charcoal Celite and silicagel columns to obtain in a 10.5% overall yield based on donor added.
The synthesis of various lengths of spacer linked glycosides 1 6 was achieved in a similar manner by using chitinolytic enzyme (Fig. 1) . The yields are shown in Table 1 . 1,7 Heptanediol was the best acceptor in 11.6% overall yield based on donor added. 1,2 Ethanediol (C 2) did not give any target product. The yield of divalent glycosides tended to decrease with increasing a molar ratio of alkane diol acceptor to donor. Whereas, in case of triethylene glycol acceptor, increasing a molar ratio of acceptor to donor (1 5) led to increase yields in 4.7% overall yield.
Analysis of enzymatic reaction mechanism forming spacer-linked divalent glycosides. In order to elucidate in more detail the formation mechanism of spacer linked divalent glycoside, we tried to purify the crude chitinolytic enzyme from A. orientalis. Hiratake et al . have developed an efficient affinity chromatography for separating glycosidases by using β glycosylamidine as a ligand. 29, 30) We prepared N acetylglucosaminylamidine gel in a similar manner as an affinity adsorbent for purification of NAHase in the enzyme. The crude enzyme solution was charged onto the affinity column equilibrated with 20 mM phosphate buffer (pH 
Fig. 2. Time courses of the formation of spacer linked glycosides
carrying GlcNAc and the degradataion of (GlcNAc)4.
(A) , (GlcNAc)4; , 4; , 6 hydroxyhexyl β N acetylglucosaminide; , 6 hydroxyhexyl β N,N diacetylchitobioside. (GlcNAc)4 (1 mmol) and 1,6 hexanediol (0.5 mmol) were dissolved in 9 mL of sodium acetate buffer (50 mM, pH 6.7), followed by addition of the crude enzyme powder (5 U). The mixture was incubated at 40 C for 45 h. (B) , (GlcNAc)4; , 6; , 3,6 dioxa 8 hydroxyoctyl β N acetylglucosaminide. (GlcNAc)4 (1 mmol) and triethylene glycol (5 mmol) were dissolved in 8.3 mL of sodium acetate buffer (50 mM, pH 6.7), followed by addition of the crude enzyme powder (5 U). The mixture was incubated at 40 C for 48 h. Each composition in reaction mixture was quantified by HPLC. Fig. 3 , the peak showing NAHase activity emerged from the column a little ahead of chitinase activity. Accordingly, Fr. 15 completely devoid of chitinase activity, which gave a single protein band on SDS PAGE, was collected and used for transglycosylation. The molecular mass was estimated to be 57 kDa. The purified enzyme was used for revealing the mechanism of spacer linked divalent glycoside formation. First, the crude enzyme and the purified NAHase solution were prepared at same catalytic unit (1.75 U), respectively. The formation of spacer linked divalent glycoside was analyzed by transglycosylation of an (GlcNAc)4 donor with 1,6 hexanediol acceptor. Time courses of the formation of glycosides with the degradation of donor substrate were made by HPLC analyses (Fig. 4) . The purified NAHase was shown to produce target spacer linked GlcNAc glycoside 4 similarly to that of the crude enzyme. In case, there was somewhat difference from the crude enzyme in the case of degradation of (GlcNAc)4 substrate. The degradation to (GlcNAc)2 with the purified enzyme was much slower than that with the crude enzyme. When (GlcNAc)2 instead of (GlcNAc)4 as a donor was used, the purified enzyme also formed the target spacer linked divalent glycoside, but the efficiency was lower (data not shown). From these results, the spacer linked divalent glycoside formation by crude chitinolytic enzyme was proposed as follows (Fig. 5) . In initial stage, chitinase in crude enzyme hydrolyzes (GlcNAc)4 to give mainly (GlcNAc)2. Next, NAHase in crude enzyme acts on the resulting (GlcNAc)2 to function as a substrate on transglycosylation. As a result, the enzyme initially produced 6 hydroxyhexyl β D N acetylglucosaminide carrying GlcNAc on one side.
The resulting 6 hydroxyhexyl β D N acetylglucosaminide was further subjected to the subsequent transfer reaction to give the target spacer linked divalent glycoside 4 carrying GlcNAc on both sides. These results show that NAHase itself is directly concerned with transglycosylation of GlcNAc residues to hydroxyl groups on both sides. This was the first report of chitinolytic enzyme mediated transglycosylation for the direct synthesis of divalent GlcNAc glycosides.
Cross-linking property of spacer-linked divalent glycosides as divalent ligand. Interaction of the resulting spacer linked divalent glycosides carrying GlcNAc with WGA was analyzed by two different methods: precipitation and biosensor analyses. The ability of the synthetic divalent glycosides (1 6) to bind to WGA was first analyzed by precipitation analysis. WGA (128 µM) and divalent glycoside (0.025 12.8 mM) were mixed on a 96 well microplate. When each divalent GlcNAc glycoside was added to the WGA solution under appropriate conditions, glycosides 2 6 formed a precipitate within a few minutes, whereas glycoside 1 with the The enzyme solution prepared from 3.0 mg of crude chitinolytic enzyme powder dissolved into 20 mM sodium phosphate buffer (pH 6.7) was applied onto a GlcNAc amidine column equilibrated with same buffer. Non adsorbed fraction was washed by 15 mL buffer, 3 mL buffer containing 0.1 M NaCl and 15 mL buffer at a flow rate of 0.18 mL min. Adsorbed fraction was continuously eluted by 20 mM sodium acetate buffer (pH 4.0) containing 0.25 M GlcNAc at a flow rate of 0.6 mL min. Absorbance at 280 nm (dotted line). Hydrolytic activities toward the following substrates were assayed; GlcNAc pNP (bold solid line) and chitin azure (normal solid line). (GlcNAc)4 (0.01 mmol) and 1,6 hexanediol (0.005 mmol) were dissolved in 0.09 mL of sodium acetate buffer (50 mM, pH 6.7), followed by addition of 0.01 mL of 80% ammonium sulfate fractionated crude chitinolytic enzyme or purified NAHase solution (1.75 U). The mixture was incubated at 40 C for 46 h. Normal solid line and bold solid line show production by crude enzyme and purified NAHase, respectively. (A) GlcNAc glycosides production behavior. , 6 hydroxyhexyl β N acetylglucosaminide; , 4; , 6 hydroxyhexyl β N,N diacetylchitobioside. (B) Chitin oligosaccharides production behavior.
, (GlcNAc)4; , (GlcNAc)3; , (GlcNAc)2; , GlcNAc.
shortest spacer (C 3) did little. However, the presence of chitin oligosaccharide [(GlcNAc)2 and (GlcNAc)3] prevented the formation of precipitates with 2 6. The precipitates with glycosides 2 6 dissolved upon addition of the di and trisaccharide (data not shown). These results indicate that the divalent GlcNAc glycosides bind specifically to WGA. Monovalent glycosides carrying GlcNAc and (GlcNAc)2 on one side did not form a precipitate. Precipitin curves for WGA in the presence of the divalent glycosides 1 6 were prepared by measuring the lectin concentration in the supernatant (Fig. 6) . Spacer linked divalent glycosides 1 with the shortest spacer did little form precipitate. By contrast, the concentration of 2 5 carrying alkane spacer at the equivalence point was in the region of 0.1 to 20 mM, but could not be clearly determined under the present conditions. The divalent glycoside 3 with four carbon atoms was the most effective glycoside for precipitating WGA. When divalent glycoside 6 carrying a polar spacer group was used, the concentration of 6 at the equivalence point of the precipitin curve for 128 µM of WGA was about 1 mM. These results show that the spacer linked divalent GlcNAc glycosides carrying nonpolar spacer groups are more effective than that carrying ethylene glycol type of spacer to precipitate WGA. Precipitation analysis showed that spacer linked divalent GlcNAc glycoside specifically binds to WGA. Furthermore, the length of spacer group between the two GlcNAc residues appears to affect the ability to precipitate WGA. From these results, the length of spacer might be important in allowing the molecule to adopt a favorable orientation during interaction with the GlcNAc binding site on WGA. Some researchers reported that the binding and cross linking properties of lectin are sensitive to the degree of flexibility and spacing between the carbohydrate epitopes of the analogs, 31) which are entirely consistent with the present results.
We have already reported that by surface plasmon resonance (SPR) analysis, spacer linked divalent glycoside promotes, rather than inhibits, binding of WGA to surface bound asialofetuin on a sensor chip. 27) This result is dramatically different from that of the corresponding monovalent glycoside, which inhibits the binding of the lectin. In the present work, a SPR binding assay was used to monitor the cross linking effect of synthetic divalent glycosides on the interaction of soluble WGA with a surface bound WGA, which was directly immobilized onto the surface of a sensor chip using the amine coupling method. Cross linking of the spacer linked divalent glycosides with WGA in solution was monitored by coinjecting an equilibrium mixture of a fixed amount of WGA with a variable amount of glycoside onto a surface bound WGA. The surface was regenerated at the end of each cycle using 50 mM H3PO4. Based on the sensorgrams, we plotted the RUs (response units) at 190 s, corresponding to the cross linking maximum responses for the divalent glycosides to the surface bound WGA, against glycoside concentration (Fig. 7) . As anticipated, injection of a solution of WGA in the absence of divalent glycoside (i.e., negative control) resulted in no change of RU. However, as the concentration of divalent glycoside (1 5) increased (i.e., from 0.001 mM to 0.1 mM) there was an increase in RU (Fig. 7 (B) ). Divalent glycoside 6 showed increase of RU from 0.001 mM to 1 mM. Upon reaching the maximum RU, a decrease followed (Fig. 7 (C) ). Thus, these compounds appear to effectively bind and promote cross linking of WGA in solution, rather than inhibiting binding of WGA to the immobilized WGA. As the concentrations of these compounds are increased further, they inhibit the binding of the clustered WGA to the surface WGA. These glycosides also act as inhibitors at the appropriate stoi- Various concentrations of glycoside solutions (50 µL) were added to 128 µM of WGA solution (50 µL). After incubation at room temperature for 1 h, the resulting precipitate was centrifuged by × 8000! for 10 min. The supernatant was diluted and analyzed by measuring the absorbance at 280 nm. The precipitated WGA was then calculated from standard curve. , 1; , 2; , 3; , 4; , 5; , 6. chiometry by the precipitation assay mentioned above. GlcNAc, (GlcNAc)2 and monovalent glycoside carrying GlcNAc were also injected as a control and then plotted ( Fig. 7 (A) ). They were not seen on a top of the peak as seen in 1 6, although they seemed to show a slight increase of RU. It suggests that these control samples cannot cross link between surface and free WGA. The maximal cross linking activity with the GlcNAc divalent glycosides increased in order of 4 > 5 > 6 > 3 > 2 > 1. The maximal RU of glycoside 4, was 5 times greater than that of 1. Our data suggests that coinjection of divalent glycoside and tetravalent WGA as analyse results in simultaneous cross linking. The cross linking complexes presumably also bind to the surface bound WGA through unbound divalent glycoside (Fig. 8) . Burke et al . have found that trivalent mannose macrocycle, which is more potent than the corresponding monovalent derivative, functions by cross linking Con A in solution by SPR, 24) which is entirely consistent with the present results.
Elongation of carbohydrate of spacer-linked divalent glycoside.
The resulting divalent GlcNAc glycoside 4 was further enzymatically converted to divalent LacNAc glycoside. The transformation into divalent LacNAc glycoside was carried out by an addition of Gal residue from UDP Gal to divalent GlcNAc glycoside by β1,4 galactosyltransferase from bovine milk. When 4 was used as an acceptor, the enzyme catalyzed the synthesis of target product carrying LacNAc units on both sides together with carrying LacNAc and GlcNAc on each side. The enzyme catalyzes the formation of divalent LacNAc glycosides in two distinct stages as is evident from the time lag in product formation. Thus, the first step is the Gal transfer to GlcNAc on one side of 4 followed by successive galactosyl transfer to mono LacNAc glycoside formed initially to produce target divalent LacNAc glycoside (data not shown). Oscarson et al. have reported the chemical synthesis of a series of divalent glycosides with two to ten carbon spacers. 25) Li et al. have also reported the synthesis of divalent LacNAc glycosides with ethylene glycol type of spacers.
32) The present process for obtaining LacNAc divalent glycosides is simple and the yield is sufficiently high to make the method practical.
Conclusions.
We developed the enzymatic synthetic method to obtain spacer linked divalent GlcNAc and LacNAc glycosides as glycomimetics. The GlcNAc glycosides were shown to bind and cross link WGA as divalent ligands. The present findings indicate that the spacing and flexibility of the spacer units in divalent carbohydrates affect the structures of cross linking complex with WGA. These results have important implications for the interaction of lectins with multivalent carbohydrate receptors in biological systems. The divalent glycosides are useful as glycomimetics, which are valuable tools for investigating biological recognition phenomena. 
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